A broadband switchable metamaterial absorber is investigated in this paper. The switchable response is achieved by utilizing the phase transition property of vanadium dioxide (VO 2 ) that is thermally controlled. A novel band extension scheme is presented by introducing capacitive coupling effects among the resonators. By exploiting the coupling effect, near octave bandwidth is achieved when referred to an absorptivity of 90%. Further, by integrating the temperature controlled VO 2 film into the dielectric layer, the proposed absorber can be switched between a frequency band from 0.32 THz to 0.56 THz and another band from 0.356 THz to 0.682 THz that is achieved by changing the operation temperature. Due to the symmetrical structure, the studied absorber features polarization insensitive and a wide incident angle of up to 50 • . The broadband and switchable properties are discussed based on the resonant structure, surface current distributions, electric field distributions and impedance matching. It is noted the presented method can be scaled to other adjacent THz frequency band.
I. INTRODUCTION
Recently, metamaterials have been received considerable attentions from scientific and engineering communities due to the feasibility of artificially designed material properties since the concept was first introduced theoretically [1] . Composed of sub-wavelength resonator with three-layer structure of metal-dielectric-metal, the metamaterials exhibit exclusive phenomenon [2] , such as polarization rotation [3] - [5] , flat focusing lens [6] , invisibility cloaking [7] , [8] , phase manipulation [9] and so on. Also, the metamaterial absorber was widely investigated as a result of the potential applications in stealth technology [7] , [8] , thermal emission [10] and photodetection [11] . The first metamaterial absorber was studied in 2008 [12] ; after that, a variety of metamaterial absorbers from single band [12] - [14] to multi-band [15] , [16] , from narrow band [12] , [13] to broad band [17] - [20] , from polarization-sensitive [21] to polarization-insensitive [22] - [24] have been reported for microwave, THz, even optical applications.
In general, the absorber design focuses on wide absorption angle and polarization-insensitive but limited to narrow The associate editor coordinating the review of this manuscript and approving it for publication was Ildiko Peter . operation bandwidth. In order to broaden the operation bandwidth, methods of loading energy-consuming elements such as lumped circuits [25] , ferrite [26] , rearranging conformal and coplanar resonators to overlap the adjacent frequency bands [27] , [28] or stacking multiple resonant layers [17] , [19] , [20] have been studied. In [25] , the ohm loss of resistors on the top layer is utilized to consume the excess energy, thus enhancing the absorptivity. The resonantlike ferrite is employed to achieve the magnetic loss, and high selective absorption over a wide frequency band is observed [26] . In [27] , a simple planar multiple-metal configuration is studied for application to the metamaterial absorber.
Moreover, for further potential applications, a tunable broadband metamaterial absorber is preferable. Therefore, schemes to realize tunable absorbers were presented. By tuning the bias voltage of graphene, the graphene based tunable absorbers have been developed [29] - [32] . Mishra et al. proposed a hybrid THz metamaterial absorber integrated with a cascaded graphene frequency selective surface, where a dynamically voltage-controlled absorption spectra was found from 0.85 THz to 3.19 THz [30] . Zhao et al. studied a hybrid graphene-gold metasurface on SiO 2 /pSi/PDMS substrate backed by aluminum; an absorption across 0.53-1.05 THz was observed under a wide incident angle [31] . Actually, to realize the tunability, an alternative way is the use of thermally controlled materials. For example, VO 2 characterizes the common dielectric at low temperature, but with the rising of temperature, its lattice structure will undergo reverse transitions from monoclinic state (insulating phase) and tetragonal state (metallic phase) within a sub-picosecond [33] . Meanwhile, during the transition progress, the dielectric constant of VO 2 can change several orders of magnitude at the THz band. To date, some thermally controlled materials are developed to design tunable absorbers [34] - [40] . By respectively stacking layers of VO 2 periodic array, dielectric layer, VO 2 film, Au periodic array, dielectric layer and Au reflective layer, two thermally controlled absorption bands, 0.76 -0.86 THz and 1.12-1.25 THz, are implemented [34] . Also, a composite VO 2 metasurface with sandwich microstructure is reported to dynamically control the absorption [38] .
In this paper, we propose a bandwidth extension method to design the metamaterial absorber. Furthermore, a switchable broadband absorber is developed by employing the phase change material, VO 2 . At the room temperature (25 • C), the achieved frequency band referring to an absorptivity over 90% is from 0.32 THz to 0.56 THz. But when temperature rises to the phase-transition point (68 • C) of VO 2 , an absorption frequency band from 0.356 THz to 0.682 THz is found. Moreover, the studied absorber is insensitive to the polarization direction of incident wave and also exhibits well absorption under a large incident angle up to 50 • .
II. MODEL
As shown in Fig. 1 , the studied switchable broadband absorber is composed of a composite resonant structure made of Tantalum Nitride (TN) on a multi-layer dielectric plate backed with a gold ground plane. The composite resonant structure consists of a crisscross structure and four square patches with the thickness of 0.021mm, while the dielectric plate is made of three layers: (i) foam layer, (ii) VO 2 layer, (iii) SiO 2 layer with the thickness of 0.12mm, 0.008mm and 0.024mm, respectively. The foam film is an important layer here that serves as the effective dielectric layer. The VO 2 film is responsible for switching the two operation states.
During the insulating phase, the VO 2 film together with the foam layer and the SiO 2 layer serve as a dielectric layer. But during the metallic phase, VO 2 film functions as metal layer and only the foam layer works as the dielectric layer.
For the insulating state, the VO 2 is considered as a dielectric with a relative permittivity of ε r = 9. While for metallic phase, the permittivity of VO 2 in the THz region is described by the Drude model [41] :
, where ε ∞ is the permittivity at high frequency, ω 2 p (σ ) is the conductivity dependent plasmon frequency and γ is the collision frequency. Besides, both ω 2 p and σ are proportional to the free carrier density. Therefore, the plasmon frequency against σ can be approximately expressed as ω 2 p (σ ) = σ/σ 0 ×ω 2 p (σ 0 ). According to the measured THz spectra [41] , when σ 1 = 3 × 10 3 −1 cm −1 for ε ∞ = 12, the corresponding ω p is 1.4 × 10 15 rad/s, while γ = 5.75 × 10 13 rad/s is assumed to be independent of σ . The dielectric permittivity of VO 2 in the metallic phase under different electric conductivity can be obtained from [42] and [43] . The conductance of TN is 7400 S/m, the foam has an approximate dielectric constant 1.05, while for the SiO 2 , its dielectric permittivity is 3.9.
On the other hand, the absorption can be given by
where R(ω) and T(ω) respectively represent the reflection and transmission of the incident electromagnetic waves, and further evaluated from simulations as
Here the first subscript denotes the receiving port and the second subscript denotes the excitation port. In this study, the skin depth is negligible compared with the metal thickness, hence,
Thus the absorption can be simplified as:
This means the reflection of incident electromagnetic waves directly determines the absorption.
The studied absorber is illustrated in Fig. 1 , where the unit cell is a 2D square lattice to model a homogeneous surface, while the surface is illuminated by a polarized plane wave with a normal incident. In the simulations, a finite element method (FEM) based full-wave electromagnetic simulator, Ansys HFSS, is utilized to numerically analyze the presented absorber, where the simulation box has a square side length of a and a height of one wavelength at the center frequency, and the Floquet periodic boundary is employed in which the excitation is set as Floquet mode at the top and bottom sides while the rest sides are the master-slave boundaries. With optimal designs, the geometric dimensions of each unit cell are found to be: a = 0.5 mm, b = 0.048 mm, c = 0.274 mm, d = 0.24 mm, w 1 = 0.012 mm, w 2 = 0.024 mm. FIGURE 2. Absorptivity of (a) Normal incident for TE mode under different states of the VO 2 film; (b) Different polarized angles for TE mode when VO 2 film is in the metallic phase; (c) Different incident angles for TE mode when VO 2 film is in the metallic phase; (d) Different polarized angles for TM mode when VO 2 film is in the metallic phase; (e) Different incident angles for TM mode when VO 2 film is in the metallic phase; (f) Different polarized angles for TE mode when VO 2 film is in the insulating phase; (g) Different incident angles for TE mode when VO 2 film is in the insulating phase; (h) Different polarized angles for TM mode when VO 2 film is in the insulating phase; (i) Different incident angles for TM mode when VO 2 film is in the insulating phase. Fig. 2 shows the absorption spectra of the proposed absorber under different states of the VO 2 film. Fig. 2 (a) records the absorption spectra of the VO 2 film under the insulting phase and the metallic phase, where for the metallic phase, it is further detailed as different conductivities corresponding to different temperatures. Figs. 2(b)-(e) denote the spectra when the incident wave has different polarized angle and incident angle respectively for TE and TM modes, where the VO 2 film is in the metallic phase and its conductivity is set as σ = 50 −1 cm −1 . While for the insulating phase of the VO 2 film, the corresponding absorption spectra are described in Figs. 2(f)-(i). From these results, one can see the studied absorber features a wide absorption bandwidth, ranging from 0.32 THz to 0.56 THz for absorption exceeding 90% under the insulating phase, where two absorption peaks at 0.358 THz and 0.51 THz are observed, as shown in Fig. 2(a) . When the temperature increases to 344K, the VO 2 film changes from the insulting phase to the metallic phase, and results show the absorption spectra shift to another band ranging from 0.356 THz to 0.682 THz. In this case, it is found that there are three absorption peaks at 0.398 THz, 0.557 THz and 0.671 THz that correspond to the absorptivity up to 99.9%, 94.7% and 99.7%, respectively. Moreover, due to the structural symmetry, the absorption spectra for the incident wave under both TE and TM modes show good consistency for different polarization angles. But for different incident angles, the absorption exhibits some differences under the TE and TM modes as a result of the different resonant mechanisms of electric and magnetic field excitations.
III. RESULT AND DISCUSSIONS
On the other hand, it is seen from Figs. 2(b), (d), (f) and (h) that the absorption spectra are very similar even if the polarization angle approaches to 90 • , meaning the absorber characterizing polarization-insensitive. Moreover, this absorber exhibits wideband absorptions under large incident angles up to 50 • , as illustrated in Figs. 2(c) , (e), (g) and (i). Even the incident angle increases to 70 • , the absorber could still work at the absorption peaks.
To study the broadband absorption mechanism of the proposed absorber, here the states corresponding to the metallic phase (σ = 50 −1 cm −1 ) and insulating phase of the VO 2 film are discussed. The studied composite resonator is thus decomposed into two parts in the discussions: a crisscross structure shown in Fig. 3 (a) and the remaining four square patches illustrated in Fig. 3(b) . As referred to the absorption curve under the metallic phase for σ = 50 −1 cm −1 shown in Fig. 2(a) , studies indicate the crisscross structure contributes to the first absorption peak while the square patches produce the third absorption peak, as displayed in Fig. 3(c) . For the second absorption peak, it results from the coupling effects from the capacitive gaps between the crisscross structure and the square patches. This will be further discussed below based on the current and electric filed distributions.
In general, the design of such an absorber involves two steps.
Step 1): we design a broadband absorber ranging from 0.356 THz to 0.682 THz, where the VO 2 film is in the metallic phase. Notice that in this step, we initially separately design the two structures (namely the crisscross structure and the four square patches) that have two different (corresponding to the lower and the upper) absorption peaks in the metallic phase of the VO 2 film; then we integrate the crisscross structure with the four patches thus introducing the coupling gaps to obtain a broad absorption band. Therefore, parameters of the two structures are respectively determined. For the crisscross structure, parameter a is determined by the periodicity of the absorber array, while the strip widths w 1 and w 2 are narrow thus enabling the capacitive coupling is achievable when further integrated with the four patches; parameter c can be used to finely tune the desired absorption peak. The parameters b and d of the four patches determine the upper absorption peak, where dimension b is generally used to control the coupling effect for a given strip width w 2 . Consequently, by properly assigning the two peaks and adjusting the capacitive coupling effect, a wide absorption band can be achieved by further introducing the middle absorption peak after integrating the crisscross structure with the four patches.
Step 2): the VO 2 film is changed to the insulating phase. Now it exhibits transparency as the THz wave illuminates, and we can change the effective thickness of substrate layer by adding another substrate layer as the design freedom to achieve another absorption band. It is noted that in this study, a suitable thickness corresponding to two non-overlapped absorption band is not found; this may be due to the variables are not enough in the design.
The surface current distributions of the proposed absorber at the absorption peaks are further analyzed to get insights into the absorption mechanisms. From Fig. 4(a) , it is observed that the currents on the square patches are rotating (vortex current) at 0.398 THz. Moreover, the vortex currents exhibit anti-direction as compared to the ones on the arms, but the amplitudes are relatively small, so as to the influences. On the VO 2 film layer shown in Fig. 4(b) , the currents share the same direction when referred to Fig. 4(a) , thus yielding a strong electric resonance to absorb the electromagnetic energy from the incident wave.
With the increasing of operation frequency, the coupling resulting from the gaps between the crisscross structure and VOLUME 7, 2019 the four square patches becomes stronger. Further, the vortex currents on the patches play an important role to cancel the currents on the arms. At 0.557 THz, this cancellation achieves a critical level that corresponds to minimum resulting currents on the vertical arms near the square patches. This results in the region with high current density of the crisscross structure, represented as the three parts shown in Fig. 4(c) , where one can see maximum surface currents on the three parts are induced under the illumination of external electromagnetic waves. On the other hand, Fig. 4(d) shows there are anti-direction (out-of-phase) currents on the bottom layer (ground) compared to Fig. 4(c) . The three pairs of out-of-phase currents constitute strong magnetic resonances, thus presenting good explanations of the absorption peak at 0.557THz. To this end, this coupling effect presents a new absorbing mechanism.
With further increasing the operation frequency, the coupling related to the four square patches becomes stronger. At 0.671THz, it is found from Fig. 4 (e) that the gaps among the patches are coupled strongly, thus making the induced currents on the patches could continuously flow along the outer sides of the upper and lower two patches, respectively. When further referred to Fig. 4(f) , one can find the horizontal currents on the upper and lower two patches lead to magnetic resonance, while the one on the middle arm yields electric resonance. Consequently, the two kinds of resonances greatly improve the absorption at 0.671 THz. On the other hand, for the absorber operating in the insulating phase, the corresponding current distributions on the top and bottom layers at the absorption peaks of 0.358 THz and 0.51 THz are depicted in Fig. 5 . It is found they are similar to that shown in Figs. 4(a)-(d), indicating both sharing with the same absorption mechanisms.
From these discussions, it is seen the coupling among the four square patches and the crisscross plays multiple roles in the overall absorption spectra. At 0.398 THz, the capacitive gaps among the four patches are decoupled, thus insensitive to the interaction and maintaining the absorption peak of the crisscross structure. With increasing the frequency, the vertical capacitive gaps could contribute strong coupling. At the resonance of 0.557 THz, anti-parallel currents along the vertical direction near the square patches are canceled out between the vertical arms of the crisscross and the vertical gaps of the patches, thus generating a new absorption status. With further increasing the operation frequency, much stronger coupling occurs, yielding the square patches electrically united as a whole at the resonance. Finally, the coupling effects combining with the adjacent absorption peaks lead to wide absorption spectra of the presented absorber.
To further illustrate the capacitive coupling among the gaps, electric field distributions at the absorption peaks when the VO 2 film is in the insulating phase and metallic phase (σ = 50 −1 cm −1 ) are studied as described in Figs absorption band, while Figs. 6(d) and (e) denote the two absorption peaks respectively at the lower (0.358 THz) and upper (0.510 THz) frequencies of the lower absorption band. It is found that at the two lowest absorption peaks, as shown in Figs. 6(a) and (d) , the electric filed intensity of the coupling gaps is weak as compared to the other regions near the upper and lower sides, which means the capacitive coupling from the gaps does not work. As the frequency increases to the second absorption peaks, the coupling effect becomes strong, yielding strong electric field distributions near the gaps as depicted in Figs. 6(b) and (e), which represents the coupling gaps taking effects. When the frequency increases to the third peak (namely the upper absorption peak of the upper passband), the coupling of the gaps is also strong but slightly weakened, leading to the electric field intensity near the gaps decreased a bit as shown in Fig. 6(c) .
Finally, we would elaborate the absorption mechanism of the proposed absorber from the impedance-matching viewpoint. By considering the absorber as a planar periodic structure, thus it is regarded as a slab of homogeneous dielectric medium; the absorptivity can be given in another form as
where Z (ω) is the wave impedance of the absorber, η 0 is the wave impedance in free space, and z(ω) is the normalized wave impedance that can be evaluated based on S-parameters [44] shown in Fig. 7 . z(ω) = 1 + S 11 1 − S 11 (7) From equation (6), one can see the absorption reaches the maximum when the real part of z(ω) is equal to one while its imaginary part is near zero, which indicates the wave impedance of the absorber should be matched to the one in free space. From Fig. 7 , one can find that the real part and the imaginary part of the normalized wave impedance fluctuate around one and zero, respectively, within the absorption band. The well matched impedances lead to small reflections of the incidence wave, thus explaining the efficient broadband absorption behavior in another way.
IV. CONCLUSION
A switchable broadband VO 2 -based absorber is studied in this paper. The switch function is realized by controlling the operation temperature, and the absorber can be switched in a broadband ranging from 0.32 THz to 0.56 THz to another broadband ranging from 0.356 THz to 0.682 THz referring to an absorptivity of 90%. The broadband mechanism of the studied absorber is discussed based on the resonant structure, surface current distributions, electric field distributions and impedance matching. The proposed absorption structure and coupling scheme can be exploited to operate on the other adjacent THz frequency band.
